Volume imaging positron emiSSIOn tomo graphic (PET) scanners with no septa and a large axial acceptance angle offer several advantages over multiring Abbreviations used: BGO, bismuth germanate; FOV, field of view; FWHM, full width at half-maximum; ISRA, image space reconstruction algorithm; PET, positron emission tomography; PSF, point spread function.
PET scanners. A volume imaging scanner combines high sensitivity with fine axial sampling and spatial resolution. The fine axial sampling minimizes the partial volume ef fect, which affects the measured concentration of an ob ject. Even if the size of an object is large compared to the slice spacing in a multiring scanner, significant variation in the concentration is measured as a function of the axial Most positron emission tomography (PET) scan ners currently in use consist of multiple rings of detectors separated by lead or tungsten septa that define a set of parallel, transverse planes through the object to be imaged. Also under development are PET scanners based on large area detectors with fine axial resolution that do not use septa to define the slices. In the following sections, we will discuss some of the properties of volume imaging devices that affect their quantitative accuracy and compare them to the properties of multiring PET scanners.
In this discussion, the term "volume imaging" device is applied to any PET scanner that has (a) fine axial sampling and spatial resolution where the axial sampling is, preferably, at least twice as fine as the axial resolution, (b) either no or very short septa, and (c) a large axial acceptance angle. It is worth noting that, recently, the development of multiring bismuth germanate (BGO) scanners is position of the object. With a volume imaging scanner, it is necessary to use a three-dimensional reconstruction algorithm in order to avoid variations in the axial resolu tion as a function of the distance from the center of the scanner. In addition, good energy resolution is needed in order to use a high energy threshold to reduce the coin cident scattered radiation. Key Words: Positron emission tomography-Volume imaging-Axial sampling-Spatial resolution-Scattered radiation.
moving in a direction so that (after removing or re ducing the septa) they can become volume imaging systems. While we will try to keep the discussion general, our experience with volume imaging has been limited to the PENN-PET scanner (Karp et aI., t 990) and all data relating to volume imaging have been collected with this device.
The most significant advantage of volume imag ing is that high sensitivity can be combined with good axial spatial resolution (Cho et aI., 1984; Burn ham et aI., 1988; Townsend et aI., 1989; Karp et aI., 1990) . A number of other issues, however, arise that must be considered carefully: (a) the axial sen sitivity profile of volume and multiring PET scan ners: the axial sensitivity profile affects both the slice-to-slice statistical accuracy as well as the quantitative accuracy due to partial volume effects; (b) spatial resolution variation within the field of view and the need for true three-dimensional recon struction algorithms: a large axial acceptance angle results in radial slice thickness variation in multiring scanners (Brooks et aI., 1981; Hoffman et aI., 1982) that is equivalent to a variation in axial resolution in a volume imaging device if a two-dimensional re construction is used; a true three-dimensional re construction can avoid this problem but raises other practical issues that will be discussed; (c) scattered radiation reaching the detectors that increases if the septa are removed (Hoffman et aI., 1982; Thomp son, 1988; Townsend et aI., 1989) : thus, in a volume imaging device, energy discrimination must be re lied upon to reject scattered coincidence events (Stearns et aI., 1988; Karp et aI., 1990) ; this affects the choices of the energy threshold and detector material; (d) potential count rate and associated dead time problems in volume imaging scanners (Mankoff et aI., 1990) : depending upon the method of implementation, volume imaging devices can have high dead time since each detector element is in coincidence with a larger number of detectors on the opposite side than in multiring systems.
In the following sections, only the first three is sues will be addressed.
AXIAL SENSITIVITY VARIATIONS
In a multiring PET scanner, the sensitivity is highest in the center of each slice and decreases from the center, as shown schematically in Fig. lA . Often, the cross-slice formed by accepting coinci dences between adjacent rings of detectors has a higher sensitivity than the straight slice formed by coincidences within a single ring of detectors. This increase in sensitivity can be as much as a factor of 2, although it is typically less than 1.5. The idealized sensitivity profile shown in Fig. lA assumes that the slice-to-slice sensitivity variation has been nor malized. Figure IB shows the axial sensitivity pro file for a volume imaging scanner in which the axial acceptance angle has not been restricted. Thus, the central slices have a high sensitivity that decreases linearly as either end of the scanner is approached. This large sensitivity variation can be reduced by restricting the acceptance angle during data collec tion (Fig. lC) . This, however, discards valid data and has been found not to improve either the scatter fraction or the random coincidence fraction with a uniform distribution of activity in a cylinder. This is due to the fact that the randoms and scatter cause a nearly uniform singles response in the detector, which results in a triangular coincident response in the axial direction, similar to the true coincidence response. The effect of the acceptance angle on spa tial resolution depends upon the reconstruction al gorithm and is discussed in more detail below. The smooth variation of sensitivity with axial position is a direct result of the fact that the axial sampling is finer than the axial spatial resolution.
If a small spherical object with a diameter com parable to the slice thickness is placed in a mul tislice scanner, it is reasonable to assume that the measured peak concentration, as well as the mea sured average concentration, depends upon the ax ial location of the spherical object relative to the center of a transverse slice. We therefore placed six spheres, filled with activity, of varying diameter ranging from 1 to 3.4 cm in a 21 cm diameter phan tom filled with water. We imaged this object using two high-resolution state-of-the-art scanners, one being a multiring scanner and the other a volume imaging scanner. The spheres were scanned in 1 mm axial increments in the Scanditronix Model PC2048-15B scanner at the National Institutes of Health. This brain scanner has an axial slice spacing of 6.5 mm and an axial resolution of 5-6 mm full width at half-maximum (FWHM) (straight slice). The same set of spheres was also imaged in the PENN-PET scanner at the University of Pennsyl vania in two axial positions with a 1 mm axial dis placement. This whole-body scanner has 2 mm ax ial sampling and 5-6 mm axial resolution. Figure 2A shows the intensity profile when the 10 mm diameter sphere is centered within a slice and Fig. 2B shows the profile if the sphere is displaced by half a slice or 3 mm in the Scanditronix scanner. The corresponding intensity profiles scaled to a comparable maximum from the PENN-PET scan ner are shown for comparison. The "intensity" plotted is a 4-pixel average centered transversely over the sphere. In spite of the fact that the sphere diameter is significantly larger than the slice thick ness, the measured maximum intensity is a function of location relative to the slice center with the Scan ditronix scanner. Figure 2A shows that when the sphere is centered over the slice, that slice has a maximum concentration of 8,900 counts/pixel while adjacent slices have a maximum concentration of approximately 20% compared to the center slice. If the sphere is placed approximately halfway be tween the slices by moving it 3 mm axially, the maximum concentration is nearly the same in the two adjacent slices, but is reduced approximately 30% relative to the maximum in Fig. 2A . Note that the counting profile for the PENN-PET has changed by a negligible amount when the sphere is moved to a position midway between two slices. Figure 3 shows the maximum 4-pixel average concentration for all the spheres measured in 1 mm increments in the multiring Scanditronix system. As expected, the axial variation in measured concen tration decreases with increasing sphere diameter. For the smaller spheres, the minima do not occur in the same axial location, indicating that the spheres were not aligned accurately to lie in the same trans-J Cereb Blood Flow Metab, Vol. 11, Suppl. 1, 1991 verse plane. It is somewhat surprising that even a sphere as large as 16 mm diameter still shows a 10% variation in measured concentration depending on axial location. The variations for all spheres in the PENN-PET were small. Since most other multiring PET scanners have coarser axial sampling, i. e. , slice spacing larger than 6. 5 mm, the axial sensitiv ity variation and the effect on measured concentra tion can be expected to be more pronounced. Thus, elimination of the partial volume effect and the cor responding improvement in quantitative accuracy for small objects is a significant advantage of vol ume imaging PET scanners over multiring systems.
AXIAL RESOLUTION AND THE NEED FOR TRUE THREE-DIMENSIONAL RECONSTRUCTION ALGORITHMS
A common method for compressing coincidence data in scanners with multislice capability is to re organize the data into a series of arrays of projec tion data, or sinograms, that correspond to parallel slices through the object. A method of retaining the simplicity of a sinogram in three-dimensional imag- 1 mm axial displacement between scans in a multi ring PET scanner with 6.5 mm slice spacing. The spheres were not accurately centered in a plane, which accounts for the fact that the maxima and minima of the con centration do not occur in the same scan. ing is depicted in Fig. 4A (Daube-Witherspoon and Muehllehner, 1?87). A coincidence event within the axial acceptance angle is assumed to have arisen from a parallel plane midway between the axial points of interaction of the two gamma rays in the detectors. This approach results in the generation of a series of two-dimensional projection matrices in which all projections are assumed to be parallel. The two-dimensional sinogram method is similar to the technique of cross-slice generation in conven tional multi slice scanners with coincidences permit ted not only between adjacent axial resolution ele ments but between a large number of axial resolu-
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BED POSITION (mm) tion elements up to an acceptance angle determined by either a software condition or the axial extent of the scanner. Thus, the acceptance angle, slice thickness, and axial resolution are treated as sepa rate parameters that are not in a fixed relationship to each other. The dominant factor determining the acceptance angle is the desired uniformity of sensi tivity. Axial resolution is determined by the detec tor size or, in continuous detectors, by the spatial resolution of the detector in the axial direction, while the slice thickness is determined partly by the axial resolution and partly by the desired statistical precision. Event-by-event backprojec tion approach to axial data. A coincidence is accurately backprojected through a volume. During reconstruc tion, the axial slices of the backprojection volume are treated as a set of parallel, independent, two-dimen sional data.
The main advantage of the two-dimensional pro jection approximation is its simplicity. Having the data in the form of parallel projections allows one to use a variety of well-known reconstruction tech niques such as filtered backprojection. Th e data are reconstructed as a set of independent two-dimen sional images with a total volume reconstruction time equal to the single-slice reconstruction time multiplied by the number of slices. As can be ex pected, axial displacement of events causes some resolution degradation at large radii, which will be shown below.
The two-dimensional projection technique of treating the axial data is a simple approximation and can lead to quantitative and qualitative errors, since the projections include data that originate several slices away. A second technique, shown in Fig. 4B , is to backproject the coincidence data, event by event, taking the axial angle of each event accu rately into account (Daube-Witherspoon and Mueh lIehner, 1987) . During the backprojection process, the two points of intersection of the line connecting the detector coordinates with the sides of the back projection volume are determined. Using a simple ray-tracing technique, points are calculated at equal distances along the ray within the backprojection volume, and the X, Y, Z coordinates of each point are truncated. The content of the memory location corresponding to this truncated point is incre mented by "one. "
The most accurate method of reconstructing an image from the backprojected data would be a fully three-dimensional reconstruction algorithm. Cur rently available three-dimensional reconstruction algorithms either require a spatially invariant point spread function (PSF) or are computationally very expensive (for review, see Rogers et aI. , 1987) . We therefore use an image space reconstruction algo rithm (ISRA) (Daube-Witherspoon and Muehlleh ner, 1986), which treats the axial slices completely independently, as if the backprojected data in a slice came only from rays lying within and parallel to that slice, although the initial backprojection is performed accurately as described above. This technique leads to a set of two-dimensional back projected data images to be reconstructed indepen dently with a total volume reconstruction time again equal to the single-slice reconstruction time multi plied by the number of slices.
The qualitative and quantitative inaccuracies of the projection method and the event-by-event back projection method have been investigated by simu lation studies previously (Daube-Witherspoon and Muehllehner, 1987) . More recently, we have mea-J Cereb Blood Flow Metab, Vol. 11, Suppl. 1, 1991 sured the PSF of the PENN-PET as a function of radial distance (Karp et aI. , 1990) . Since the PENN-PET has continuous sampling and good res olution in all three directions, we used a point source to measure the transverse and axial resolu tion simultaneously. The point source was a 1 mm 3 piece of copper, irradiated to form a Zn-62/Cu-62 positron emitter (150 /J-Ci) with a 9. 2 h half-life. The source was positioned at a number of locations throughout the field of view (FOV) of the scanner in order to measure the dependence of spatial resolu tion on radial and axial positions, List-mode data were reconstructed with the two-dimensional method, namely filtered backprojection (using a ramp filter) after rebinning, and the three-dimen sional method, using the event-by-event backpro jection and the slice-by-slice ISRA. Since the trans verse resolution of a point source is a function of the number of iterations with the ISRA, the data were reconstructed for a fixed number of iterations (four) to show the relative changes of the resolu tion, both transversely and axially, as a function of radius.
The measured spatial resolution, as characterized by the FWHM, is shown in Fig. 5 as a function of position. The data were collected with sufficient statistics so that a reliable determination of the FWHM could be made from the PSF by linear in terpolation between adjacent channels.
The two-dimensional approa<;h to reconstruction results in significant degradation in resolution as a function of radius in the axial direction when using a large axial acceptance angle. The axial resolution increases from 5.5 to 10. 5 mm at a radius of 15 em (Fig. SA) . The transverse resolution also increases, although less dramatically, in a direction perpendic ular to the direction in which the source is moved. This results from reconstructing an inconsistent set of projection data, since data at angles parallel to the direction in which the source is moved are mis placed axially into other slices because of the two dimensional approximation. The effect of this ap proximation is less noticeable with patient data, which normally are reconstructed into slices thicker than 2 mm. The radial smearing of the PSF that normally occurs with a circular scanner is not seen, since, with the PENN-PET, the effect of the depth of interaction is less sensitive to the location of the source. The three-dimensional reconstruction tech nique, however, which backprojects each event in a volume, nearly eliminates the degradation in reso lution with radius ( Fig. 5B ). Since the volume data were sliced into transverse planes and recon structed two dimensionally, rather than using a true jection method (see Fig. 48 ). Full acceptance angle of 6.5" was used in both cases.
three-dimensional reconstruction algorithm with appropriate filtering, the resolution in the axial di rection (Fig. 5B) is not optimized.
SCATTER AND SENSITIVITY
One of the features of volume imaging scanners is the fact th a t there are no septa between rings. Septa are normally used to define slices and limit the axial acceptance angle. Interslice septa also serve to limit the amount of scattered radiation. With continuous detectors, slice definition with septa is not neces sary or even desirable, and because of the good energy resolution of 10% with NaI (Tl) used in the PENN-PET and good energy uniformity of the de tectors, energy discrimination rather than shielding effectively limits scatter. The flexibility of adjusting the energy threshold (in both hardware and soft ware) and the axial acceptance angle allows one to study the tradeoff between scatter and sensitivity. To estimate the amount of scattered radiation for brain studies and its dependence on acceptance an gle and energy threshold, we used a cylindrical lu cite phantom, with a cold bar in the middle, filled with a small amount of 18 F. The phantom has a diameter of 18 cm and is 10 cm long, which is the size of the average brain.
To understand better the consequence of having no interslice septa, we physically moved the shield ing to change the axial FOV, from the normal 10 to 2 cm. Two recent studies Thompson, 1988) have investigated the effect of varying the axial acceptance angle using Monte Carlo simulations, both showing a significant in crease in the scatter fraction with large acceptance angles. However, these were performed for brain only BGO scanners, which have poorer energy res olution (typically 20-25%). Figure 6 shows that for a 20% scatter fraction, one can either use a 2 cm axial opening with the energy threshold set to 100 ke V, or a 10 cm axial opening with the energy threshold set to 400 ke V. Both of these possibilities result in similar true sensitivities, since the sensitiv ity changes by about a factor of 2 in going from 400 to 100 keY and by a factor of 2. 5 in going from a 10 to a 2 cm axial opening. Since NaI (Tl) has very good energy resolution, energy discrimination can be used to reduce the scatter fraction with a slightly smaller cost to sensitivity than would result with mechanical collimation. Also, note in Fig. 6 that the scatter fraction does not change significantly when the aperture is increased from 6 to 10 cm. This may depend on the size of the phantom used in the mea surement, but it implies that the gain in sensitivity is worth the moderate increase in the scatter fraction in opening the aperture to 10 cm. In addition, the absence of interslice septa allows continuous axial sampling and good axial resolution with a stationary system.
DISCUSSION
We have shown that fine axial sampling is impor tant in order to achieve accurate measurements of radioisotope concentration. Even if the diameter of a sphere is large compared to the slice spacing, sig nificant variation in measured concentration as a function of axial placement of the sphere is ob served in a multi ring scanner. One of the advan tages of a volume imaging scanner is the fact that the axial sampling distance is less than one-half of the axial resolution, thereby avoiding partial vol ume effects. To avoid variations in axial spatial resolution as a function of radius, it is necessary with volume im aging devices to use a reconstruction algorithm that takes the three-dimensional nature of the projection data into account. Such algorithms have been de veloped but usually require prohibitively long re construction times. Also, correction schemes for at tenuation, scatter, randoms, and detector nonuni formities are often difficult to incorporate into fully three-dimensional reconstruction algorithms.
The elimination of septa in volume imaging causes an increase in coincident scattered radiation. This unwanted background can be reduced effec tively by raising the energy threshold, particularly if the scanner has good energy resolution.
Another important issue in volume imaging is the count rate capability. This issue is partly addressed in Karp et al. 's report (1990) and continues to be investigated.
